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I. INTRODUCTION
Spacecraft propulsion based on electrostatic acceleration of ions 1 has a long history of development in the United States, 2,3 the United Kingdom, 4 Germany 5 and Japan. 6 In a typical ion thruster, a plasma discharge is sustained with dc or rf electric and magnetic fields, and a kilovolt ion beam is extracted using closely spaced grid plates perforated with a mesh of holes. A hollow cathode discharge (external to the main plasma) provides electrons for neutralization of the accelerated beam. After the early emphasis on mercury and cesium propellants, xenon was adopted in the 1980s to eliminate possible metallic deposition on spacecraft surfaces, to minimize environmental concerns in ground testing, and to simplify the power processing electronics. The high exhaust velocity of ion thrusters (20-40 km/s) reduces the mass of propellant required for a given orbital maneuver, which can improve the payload capabilities, extend spacecraft maneuvering life, or reduce launch costs. These benefits have led to planned flight applications on Japan ' 
s Engineering Test Satellite (ETS-6, 1994 launch) and on the European Space Agency's Advanced Relay and Technology Mission (ARTE-MIS, 1996 launch).
Ion thrusters have operating characteristics quite different from those of chemical propulsion systems, and incorporating them into a spacecraft design leads to challenges in regard to the mounting configuration, flight operations, and plume/spacecraft interactions. Thrust vector (TV) drift is a potential area of concern for satellite designs using ion propulsion. Short-term drift occurs during each thruster warm-up period, and long-term drift may result from grid erosion. If left uncorrected, a thrust misalignment generates disturbance torques and can change the satellite's orbit in an undesired manner. Early consideration was given to TV control by electrostatic deflection of beamlets 7 or by translating the ion accelerator grid as on NASA's Applications Technology Satellite (ATS-6,1974 launch), 8 but electromechanically günbaling the entire thruster is now the most viable technology. Dual-axis gimbals were included with the mercury ion thrusters on NASA's Space Electric Rocket Test (SERT-II, 1970 launch), although the initial alignment proved to be entirely satisfactory without adjustment 9 NASA later developed reduced-mass gimbal designs during the Ion Auxiliary Propulsion System (IAPS) and Solar Electric Propulsion System (SEPS) programs, 2 and a European gimbal is planned for use on the ARTEMIS mission.
Thrust measurement techniques for electric propulsion systems 10 have been developed recently based on a spring restoring force, a pendulum, and a gas-bearing turntable, but these methods yield only the thrust magnitude along a single axis. In addition to thrust magnitude, the TV angular offset and stability must be measured to decide whether on-orbit gimbaling will be needed, and to establish requirements for the gimbal angular range and slew rate. There is one previous example of an instrument for measuring thrust magnitude and direction with a pulsed plasma microthruster using a torsion pivot and rotation stage, 11 but this appears to be less convenient for ion engine TV measurements than the concept to be described here. Tests at Giessen University 5 and at Culham Laboratory 12 have used movable Faraday detectors (either single or multiplexed) to map the spatial distribution of ion flux in the exhaust plume, thereby monitoring the TV motion with a time resolution of a few minutes. Flux maps are essential for understanding the transition of the plume from near-field to far-field behavior and for evaluating the beam divergence, but they contain more information than is usually necessary for evaluating TV offset and stability.
We have devised an apparatus for locating the centroid of the ion beam that achieves better time resolution and is simpler to construct than a multiplexed Faraday detector. As shown in Fig. 1 , four double-wire Langmuir probes (labeled north, south, east, west) are aligned in the form of a cross, and are suspended in the thruster plume 150-200 cm downstream of the exit plane. The assembly is translated via a motorized positioning system to balance the currents collected along the north-south and east-west axes. Assuming that the plume is azimuthally symmetric, the balance point occurs when the instrument is aligned with the beam centroid, and the thrust vector can thereby be monitored in real time. The measurements reveal the absolute TV offset from the thruster centerline, the extent of TV drift during warm up, and the dependence of TV position on thrust magnitude. This apparatus also records ion flux averaged over the radial extent of the plume, which is a useful diagnostic technique for routine verification of thruster performance. A beamcentroid tracking instrument could be used to measure the TV offset during acceptance testing of thruster flight packages, which would afford an understanding of the unit-to- unit variation and would allow for shimming the engine mounts during integration with the spacecraft. The technique described here would also be useful for evaluating TV stability of stationary plasma thrusters, and it could find application in diagnosing broad-beam ion and plasma sources that are widely used for materials processing.
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II. APPARATUS DESCRIPTION
A double-wire Langmuir probe 14 consists of two parallel conductors held in close proximity, which are electrically floating with respect to the surrounding plasma and which can be biased relative to each other for measurements of the current as a function of applied voltage. Theoretical considerations in the use of this device to measure ion flux and characteristic electron energy in the plume of a xenon ion thruster have been presented by deBoer.
15 His analysis treats the case of a plasma in which the ions have a directed velocity much greater than their average thermal speed, and in which the electrons have a directed velocity much less than their average thermal speed. These conditions are satisfied by a thruster with 1 keV beam energy (40 km/s velocity), having a typical electron thermal speed of 2*400 km/s and an ion thermal speed of «4 km/s. Assuming that the electron distribution is Maxweliian with a temperature T e , the probe current 7 as a function of applied voltage V is given by /=TiiufiDL (1 + 57)tanh
/ eV
IkT.
Here the ion density and directed velocity are n t and u t , the electronic charge and Boltzmann constant are e and k, the probe wire diameter and length are D and I, and the secondary electron yield is TJ. Probe current is zero in the absence of an applied voltage, but it approaches a saturation value 7^, with increasing voltage, namely 
1/1-»/« for \eV\>2kT c , I&x=n i u i eDL(\+ rj). (2)
According to the model, the two wires collect equal numbers of ions from the directed flow regardless of the voltage applied between them. At the asymptotic limit specified in Eq.
(2), the negatively biased wire collects no electrons, and the positively biased wire collects a flux of electrons equal to the sum of the ion currents collected by both probe wires. This follows from the assumption that the probe assembly is electrically floating, and hence the net collected current must be zero under steady-state conditions. The foregoing analysis does not account for deflection of the ion trajectories with increasing probe voltage, which causes the two probe wires to collect different numbers of ions and thereby show a gradually increasing probe current beyond the voltage at which the probe is "saturated" with respect to the electrons.
As an alternative to the configuration chosen here, it may be feasible to construct a beam-centroid tracking instrument with single-wire probes, 14,15 which are biased several volts negative with respect to the floating potential of the plasma to measure a current proportional to the ion flux. Single-wire probes would permit a slightly simpler mechanical design than the present arrangement, but they have the drawback of perturbing the plasma to a greater extent than with the double-wire configuration.
Probes for this experiment are constructed of various wire materials (0.40-mm-diam Nichrome and 0.81-mm-diam tinned copper have been used successfully) and are supported by a 100 cm X100 cm square frame of welded aluminum channel (see Fig. 2 ). Each wire is secured at the sup- The thruster centerline (i.e., accelerator-grid normal axis) is located by holding a 25-mm-diam mirror against the grid center and observing the backreflection from 4 to 5 m away. Repeated independent trials show that the experimental error in locating this axis is ±0.2°, which is also the estimated uncertainty in the absolute TV position. (This error could be reduced by constructing a custom alignment fixture rather than using a hand-held minor.) A three-axis motorized positioning system with a resolution of 10 steps//tm (Compumotor 4000) is used for translation of the probe assembly; its coordinate origin is established by aligning the probe axes so as to intersect thruster centerline. The electrical arrangement uses four digital ammeters (Fluke 45, full scale of 9.9999 mA) and one variable bias supply (HP 6216B) with four of the eight probe wires connected in common (see Fig. 4 
III. RESULTS AND DISCUSSION
The test article for this work is a two-grid 10-cm-diam xenon ion thruster (engineering-model T5 Mk3) manufactured by the UK Defence Research Agency, 4 which performs as listed in Table I maintained in the low 10~6 Ton range by two re-entrant closed-cycle cryopumps (CVI TM1200) with a combined pumping speed for xenon of 7X10 4 //s. The beam dump consists of a water-cooled aluminum plate coated with graphite (Aquadag-E) that is located 50-70 cm downstream of the probe assembly.
Langmuir probe current-voltage characteristics are shown in Fig. 5 for operation at a nominal thrust of 19 mN with the probe assembly positioned to equalize the currents at a voltage of +5 V. A positive probe voltage (e.g., +5 V) means that the four common wires are positive with respect to the four individual wires leading to the ammeters; in this case the individual wires collect only ions at saturation, while the common wires collect both electrons and ions. There is a discrepancy between the curves when the voltage is negative (i.e., when the ammeters are measuring both electrons and ions), but the average of the four currents at negative voltage matches the average at the corresponding positive voltage to within 0.7%. If we assume that high-energy ions in the plume are relatively unaffected by stray electric fields and that all four probes collect equal numbers of ions, the discrepancy means that north, south, east, and west collect unequal numbers of electrons. This is attributed to perturbing electric fields that cause net electron currents to flow between adjacent probes, but we have not been able to establish a detailed mechanism for this process. Rather than the layout shown in Fig. 4 , it would seem preferable to minimize the interaction between adjacent probes by hooking up the wires with alternating polarities going around the hub, but the alternating arrangement still gives a discrepancy at negative voltage like that shown in Fig. 5 . However, a configuration using four separate power supplies (with no wires connected in common) gives four identical, symmetric currentvoltage characteristics, and the measured centroid position is the same as when the standard configuration is operated at positive common probe voltage. Nearly all of the beam centroid data that we have recorded are with the standard configuration at +5 V. The discrepancy between the four currents at negative voltage is discussed in Sec DX Figure 6 shows the average of the four probe currents as a function of voltage. Between -3 and +3 V the data are well represented by the hyperbolic tangent function in Eq.
(1), but outside this range the magnitude of the current continues to increase linearly rather than reaching a saturation value. The probable cause is deflection of ion trajectories as mentioned in Sec. n, but there may also be a contribution from increasing secondary electron yield. A least-squares fit to the data in Fig. 6 gives 1^=1115 pA and *r e =0.47 eV. The ion flux averaged over the radial extent of the plume at 201 cm from the accelerator grid is then 
Here the ion flux per steradian is calculated with respect to a beam waist located 15 cm downstream of the accelerator grid, and the secondary electron yield is estimated based on data for xenon ions on tungsten. 16 For comparison with the present results, an independent measurement in our facility using smaller movable Langmuir probes has been made at a nominal thrust of 18 mN, 15 which gives a centerline ion flux of 2.3 A sr l and an average electron energy of kT^O.55 eV at 60 cm from the accelerator grid.
Relative positional accuracy of the beam-centroid instrument is checked by using a separate translation system to move the thruster vertically in steps of 1.02 cm and observing the motion of the probe assembly (see Fig. 7 ). The vertical response matches the thruster motion to within ±1%, while the horizontal response (i.e., cross coupling) is l%-2% of the nominally vertical thruster motion. The settling time at each vertical step corresponds to a maximum instrument slew rate of 2.4 cm/min and a maximum centroid motion of 0.77min.
Two possible sources of error in the TV offset are spurious current collected at the edges of the ion beam by the probe-wire tensioners (despite the effort to shield them), and the unmeasured ion flux in the outer regions of the plume. These errors are shown to be minimal by monitoring the apparent centroid position while changing the distance between the thruster and the probe assembly: the centroid moves by less than 0.05" when the distance is varied from 155 to 201 cm. Any errors due to ions scattered from the beam dump are also shown to be negligible by this observation. The lower trace is the summed probe current, which goes to zero several times during this data set when the thruster experiences a momentary grid short followed by a restart
Because the thin probe wires (<1 mm diam) intercept only a small fraction of the total ion flux, the thrust vector measurement accuracy would be degraded if the plume deviated strongly from azimuthal symmetry. Tests on a similar two-grid T5 thruster at Culham Laboratory using a movable Faraday detector showed that the plume is azimuthally symmetric to within 2%-3%, 12 which justifies the assumption underlying our beam-centroid experiment. Additional confirmation comes from our observation that the north and south currents always agree with the east and west currents to within 2% when the centroid is being tracked.
TV behavior for a cold start at 25 mN is given in Fig. 8 , showing a warm-up drift of 0.3° in 40 min, and a steady-state offset from thruster centerline of -1.2° horizontal and -1.2° vertical. (Referring to Fig. 1 , the negative horizontal and vertical directions are identified with the west and south axes, respectively.) Prior to a recent realignment of the thruster grids, the offset at 25 mN was -13° horizontal and -3.3° vertical, which suggests that TV position is substantially affected by the grid alignment procedure. Independent verification of the absolute offset is obtained from a limited set of beam profile scans made in our facility using a small Langmuir probe and a Faraday detector, which agree with the beam centroid results to within 0.1°. Tests at Culham Laboratory with a movable Faraday detector also showed significant steady-state offsets (05° horizontal and 2.4° vertical). Warm-up drift for the device tested here (0.3°) is small enough to be compensated by the spacecraft attitude control system or by thruster gimbaling. However, it may be possible to save spacecraft cost and mass by eliminating the gjmbal, presuming the thruster can be accurately shimmed prior to launch to account for the steady-state offset Further testing would be required to establish how much the TV has moved after accumulating thousands of operating hours. The dependence of TV position on thrust level is presented in Fig. 9 , showing motions of about 0.2° over the range of 7 to 25 mN. Granularity is evident in the 7 mN data due to the 0.1 /xA resolution of the ammeters. Following a change in thrust, the short-term TV displacement is faster than the instrument response, and the longer-term displacement has a time constant of 10-20 min. A valuable adjunct to the centroid measurements is to correlate the TV motion with thruster grid deformations that can be observed using telemicroscopic video cameras. 17 The screen and accelerator grids have different time constants for thermal expansion, and the telemicroscope shows how the gap between the grids changes as a function of discharge power. Differential thermal expansion of the grids is implicated as the primary cause for the observed TV motions.
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TECHNOLOGY OPERATIONS
The Aerospace Corporation functions as an "architect-engineer" for national security programs, specializing in advanced military space systems. The Corporation's Technology Operations supports the effective and timely development and operation of national security systems through scientific research and the application of advanced technology. Vital to the success of the Corporation is the technical staffs wide-ranging expertise and its ability to stay abreast of new technological developments and program support issues associated with rapidly evolving space systems. Contributing capabilities are provided by these individual Technology Centers:
Electronics Technology Center: Microelectronics, solid-state device physics, VLSI reliability, compound semiconductors, radiation hardening, data storage technologies, infrared detector devices and testing; electro-optics, quantum electronics, solid-state lasers, optical propagation and communications; cw and pulsed chemical laser development, optical resonators, beam control, atmospheric propagation, and laser effects and countermeasures; atomic frequency standards, applied laser spectroscopy, laser chemistry, laser optoelectronics, phase conjugation and coherent imaging, solar cell physics, battery electrochemistry, battery testing and evaluation.
Mechanics and Materials Technology Center:
Evaluation and characterization of new materials: metals, alloys, ceramics, polymers and their composites, and new forms of carbon; development and analysis of thin films and deposition techniques; nondestructive evaluation, component failure analysis and reliability; fracture mechanics and stress corrosion; development and evaluation of hardened components; analysis and evaluation of materials at cryogenic and elevated temperatures; launch vehicle and reentry fluid mechanics, heat transfer and flight dynamics; chemical and electric propulsion; spacecraft structural mechanics, spacecraft survivability and vulnerability assessment; contamination, thermal and structural control; high temperature thermomechanics, gas kinetics and radiation; lubrication and surface phenomena.
Space and Environment Technology Center: Magnetospheric, auroral and cosmic ray physics, wave-particle interactions, magnetospheric plasma waves; atmospheric and ionospheric physics, density and composition of the upper atmosphere, remote sensing using atmospheric radiation; solar physics, infrared astronomy, infrared signature analysis; effects of solar activity, magnetic storms and nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere; effects of electromagnetic and paniculate radiations on space systems; space instrumentation; propellant chemistry, chemical dynamics, environmental chemistry, trace detection; atmospheric chemical reactions, atmospheric optics, light scattering, state-specific chemical reactions and radiative signatures of missile plumes, and sensor out-of-fieldof-view rejection.
